An efficient flood forecasting system can provide useful advance information for evacuating people in order to mitigate potential disaster. In Taiwan, a kinematic-wave approximation of the full dynamic-wave equations is usually adopted in upstream and midstream steep channel reaches to avoid numerical instability when performing a flood forecast. Although the kinematic-wave approximation does provide a convenient simulation, questions arise with respect to its applicability and accuracy. In this study, numerical algorithms were developed to investigate the deviations of the hydrograph peak discharge and the time to peak discharge using the dynamic-and kinematic-wave methods. A series of numerical experiments were performed to investigate the hydrograph deviations using these two methods. Numerical results show that the flood-peak attenuation generated using the dynamic-wave method is more significant than that using the kinematic-wave approximation, and also that flow hydrographs generated using the dynamic-wave method always precede those using the kinematic-wave approximation. Regression results demonstrate that channel slope and roughness dominate the flood hydrograph attenuation and translation.
INTRODUCTION
The average annual rainfall in Taiwan is about 2,500 mm.
Hydrological records show that high rainfall intensity caused by typhoons and thunderstorms occurs mainly between May and October. There are an average of 3.6 typhoons per year that cause severe flooding and consequent loss of life and property. Taking into consideration the limited protection provided by engineering structures, an efficient flood warning system may be able to provide authorities useful advance information for evacuating people to mitigate casualties in the event of disaster.
The advent of high-speed computing permits the simulation of temporal and spatial flow on overland areas and in channels. The full Saint-Venant equations are usually adopted to perform the flood routing using a particular numerical method, denoted as the dynamic-wave method In performing an unsteady-flow simulation, the Preissmann scheme (Preissmann ) , an efficient implicit finite-difference method, is widely used to generate approximate solutions of the dynamic wave. The scheme is unconditionally stable for subcritical flow and possesses considerable flexibility in the selection of spatial increments and time steps. However, the stability of the Preissmann scheme is not maintained in transcritical flow conditions.
Using Fourier stability analysis, Samuels & Skeels () showed that the Preissmann scheme must be forward weighted, θ ! 0.5 and that the Vedernikov number should be less than unity. Meselhe & Holly () further reported that the Preissmann scheme is marginally stable if critical flow is encountered. Although artificial viscosity can be used to offer some damping, it may compromise computational efficiency. Hence, the unconditional stability of the Preissmann scheme is invalidated for critical flows. In practical flood routing, the conversion of subcritical to supercritical can be encountered as the channel bed gradually becomes steeper from the estuary to the upstream channel head. Consequently, some upstream channel reaches may require the simulation of transcritical flow.
Although the kinematic-wave approximation seems to be a good alternative, its applicability and accuracy may be questioned.
From a mathematical standpoint, the kinematic-wave approximation leads to a considerable simplification of the momentum equation through the assumption of uniform flow. The kinematic-wave cannot describe authentic physical diffusion due to the assumed omission of inertial forces and pressure (Ponce ); but solutions of certain forms of the finite-difference scheme for the kinematicwave are shown to possess intrinsic amounts of numerical diffusion which can modify the peak and shape of the hydrograph (Abbott ). Cunge () extended the Muskingum method to time variable parameters and recognized that the original Muskingum approach could be viewed as a firstorder kinematic approximation of a diffusion-wave model; however, the Muskingum-Cunge method suffers from a loss of mass, especially for mild bed slope (Ponce & Yevjevich ; Tang et al. ) . More recently, a modified version of the Muskingum-Cunge method has been developed to preserve mass conservation in performing flood routing (Todini ; Price ).
Since the physical and numerical diffusion are both presented in the dynamic-wave algorithm, an appreciable difference in the predicted flow hydrographs may emerge between the dynamic-and kinematic-wave routing methods under specified conditions. Moreover, in addition to physical diffusion, two more accelerating factors, inertial forces and pressure force, included in the dynamic-wave method can result in a difference in flood-wave propagation when compared to results obtained using the kinematic-wave approximation. This study is designed to investigate the differences between flood hydrographs generated using these two methods. First, numerical algorithms for these two methods were developed. Dimensional analysis was then applied to obtain the independent variables to be used as control factors in performing a series of numerical experiments. As shown in Figure 1 , deviations of hydrograph peak discharge (ΔQ p ) and time to peak discharge (ΔT p ) using these two flood-routing methods were investi- 
DYNAMIC-AND KINEMATIC-WAVE ROUTING METHODS FOR FLOOD FORECASTING
The continuity and momentum equations for one-dimensional unsteady open-channel flow, also known as the Saint-Venant equations, are:
S o ¼ channel slope; S f ¼ friction slope; t ¼ time; and x ¼ distance along the channel. Neglecting the influence of lateral flow, the non-conservation form of the momentum equation for a unit channel width is:
This equation represents the flood transport in dynamicwave form, sequentially taking into account the force terms shown on the right-hand side of the equal sign, including gravity, pressure, convective inertia, and local inertia forces. When the inertial forces are omitted, the equation describes the non-inertia wave approximation, and it is known as the kinematic-wave approximation when both the inertial forces and the pressure force due to the difference between the bed slope and water-depth gradient are omitted. Consequently, the simplified momentum equation
for the kinematic-wave approximation is:
The kinematic wave method has been shown to provide good simulation results for runoff analysis in steep overland areas and steep channels.
Dynamic-wave algorithm
Equations (1) and (2) finite-difference approximation was used, which can be expressed as
and
in which f ¼ a variable represents discharge or water depth; 
Kinematic wave algorithm
The simplest hydrodynamic model therefore is the kinematic-wave approximation. The simplified momentum equation shown in Equation (4) can be transformed into a nonlinear relationship between flow area and discharge as:
where α c and m are constants. The constant α c can be recognized as (nP 2=3 = ffiffiffi S p ) 3=5 and m as 3/5 from Manning's equation, in which n is the roughness coefficient and P is the wetted perimeter. Differentiating Equation (8) and substituting into Equation (1) gives:
A linear explicit backward-difference method can be used to discretize Equation (9) to obtain the unknown
where Δx is the spatial increment, and Δt is the temporal increment. This explicit numerical scheme is necessary to satisfy the Courant-Friedrichs-Lewy criterion (Courant et al. ) which restricts the ratio of spatial and temporal increments in the calculation.
Practical approaches for flood forecasting in Taiwan
Taiwan is located between Japan and the Philippines in the Western Pacific and has a total area of 36,000 km 2 . The island is 400 km long with a maximum width of 140 km, and the Central Mountain ranges in the middle of the island. The mountainous area with elevations higher than 1,000 m occupies 32% of the island, which results in steep upstream and midstream channel reaches with rapid stream flow; but the steep channels adjust abruptly to mild slopes within a short distance and then flow into the ocean. Consequently, in developing a flood forecasting system, the dynamic-wave method is adopted to account for the tidal effect in the downstream mild channel reaches, and the kinematic-wave approximation is usually applied to the steep midstream channel reaches to avoid numerical instability in performing real-time flood forecasting.
Hence, the question arises as to the appropriate location of a demarcation point to connect these two flood-routing methods in a river from downstream to upstream. This demarcation point should vary with different channel geometries, bed slopes, and flow conditions.
In this study, the Chung-Kang River, located in northern Taiwan In performing the numerical tests, different flow discharges were assigned. As shown in Figure 2 , for a 100-yr return period the discharge is 8,694 m 3 s -1 ; to avoid numerical instability, the dynamic-wave routing algorithm can only be applied to channel reaches from the estuary to a point 11,564 m upstream (point X 1 ), while the kinematic-wave routing algorithm is used for flood routing in the upstream channel above point X 1 . Nevertheless, the demarcation shifts from X 1 to X 2 (16,623 m upstream from the estuary) when using the 10-yr return period discharge of 3,059 m 3 s -1 for channel-flow routing. For a discharge of 987 m 3 s -1 , corresponding to a 2-yr return period, the point separating the dynamic-wave and kinematic-wave methods moves to X 3 (25,654 m upstream from the estuary). In considering public safety during high return-period floods, point X 1 should be chosen as the demarcation to separate the two routing methods in order to meet the stringent requirements of numerical stability in performing real-time flood forecasting. It is therefore worth investigating whether the kinematic-wave approximation can adequately describe the flood wave propagation in the channel reaches between X 1 and X 3 . Consequently, further numerical experiments should be conducted to quantify the deviation in the hydrograph generated using these two flood routing methods.
VARIABLE DETERMINATION FOR NUMERICAL EXPERIMENTS
The accuracy of a flood-wave simulation using the kinematic-wave approximation should be examined because two acceleration terms have been omitted in the momentum equation of the dynamic-wave method. Consequently, the applicability of the kinematic-wave method under various flow and channel geometry conditions needs to be investigated. As shown in Figure 1 , if a triangular hydrograph is adopted as the upstream inflow boundary, it is easy to explore the differences in peak discharge and time to peak discharge between the downstream outflow hydrographs generated using the dynamic-and kinematic-wave methods.
The investigation for the deviations of peak discharge and time to peak discharge aims at evaluating the effects of omitting the physical diffusion and delay of flood-wave propagation when using the kinematic-wave approximation.
Two dimensionless parameters are used to evaluate the differences of the hydrograph with respect to peak discharge and time to peak discharge, which can be expressed as:
where DQ p ¼ peak-discharge deviation; (Q P ) K ¼ outflow peak discharge by using kinematic-wave method; (Q P ) D ¼ outflow peak discharge by using dynamic-wave method; DT p ¼ time to peak discharge deviation; (T P ) K ¼ time to peak discharge using the kinematic-wave method; (T P ) D ¼ time to peak discharge using the dynamic-wave method.
The deviations are expected to be influenced by the flow and the channel geometry. If a rectangular channel shape is applied to simplify the problem, factors affecting the peak discharge deviation and time to peak discharge deviation can be expressed as: can be rearranged into the following dimensionless form:
The influences of fluid viscosity in rough turbulent openchannel flow can be ignored; hence, the Reynolds number (the fifth term) can be omitted from Equation (14). For a specified channel reach, the last term in Equation (14) can also be omitted. Moreover, because the main consideration of this work is the attenuation of flood peak discharge, the flow velocity in the fourth term of Equation (14) should be converted to flow discharge. Consequently, the revised form of the dimensional analysis can be expressed as:
in which, Q IP ¼ peak discharge of the upstream inflow hydrograph.
Based on the results obtained from the dimensional analysis, the deviations of hydrographs generated using the dynamic-and kinematic-wave methods depend on the channel slope, channel roughness, ratio of channel width to water depth, and Froude number. The parameters can then be examined through a series of numerical tests to identify the importance of the independent variables on hydrograph deviation when using different flood-routing methods.
RESULTS AND DISCUSSION
Various values of the independent variables shown in Equation (15) As shown in Figure 4 , the hydrographs generated using the dynamic-and kinematic-wave algorithms were further grouped for convenient comparison to investigate the flood wave propagation in different channel-slope conditions. The figure demonstrates that the attenuation of the flood wave was generated by more physical and numerical diffusion in the dynamic-wave routing than that observed in the kinematic-wave routing. Moreover, the influences of channel roughness on hydrographs generated using the two methods are shown in Figure 5 for comparison. A delay in the hydrograph can clearly be observed in line with increasing channel roughness for both methods, and more attenuation of the peak discharge can be found using the dynamic-wave method in high channel roughness cases.
Influences of inflow hydrograph shape on flood wave propagation As shown in Figures 3 and 4 , the base time of the inflow hydrograph was set as 20 h in order to study peak unsteadiness in typhoon hydrographs of Taiwan. For comparison, different values of hydrograph base time were further performed to investigate the effect of hydrograph unsteadiness on the deviation in the hydrograph using these two methods.
As shown in Table 1 , a higher inflow unsteadiness results in a larger hydrograph deviation, especially for the peak-discharge deviation. For a channel slope larger than 0.001, even though the hydrograph duration is shortened to 10 h and the time to peak is shortened to 5 h, the peak discharge deviation DQ p is only 0.0014 and the time to peak discharge deviation DT p is under 0.0009.
To investigate the influences of inflow hydrograph shape on flood wave propagation, a new set of inflow hydrograph following Pearson type-III distribution (Perumal & Sahoo ) was performed in the numerical tests for comparison.
As shown in Figure 6 , the peak discharge and time to peak discharge of the new hydrograph were set approximately to those in the original triangular inflow hydrograph. Figure 7 shows the comparison of outflow hydrograph deviations using the inflow hydrographs following Pearson type-III distribution. The numerical results in Table 2 reveal that the hydrograph deviation between these two methods in using the triangular inflow hydrograph is more obvious than that in using the Pearson type-III distribution hydrograph. It means that the criterion for ensuring the precision of the kinematic-wave approximation obtained in the numerical 
tests can be treated as a more stringent standard for further practical applications.
In fact, Figure 8 focus on the variation of hydrograph deviations with different channel slopes. As shown in Figure 9 , the influences of the four independent variables on peak discharge deviation were evaluated. Different symbols are used in the figures for various channel-slope conditions to clarify the influences of slope and the other three independent variables on the deviation of peak discharge. In addition, Figure 3 demonstrates that a large hydrograph deviation can be observed in mild channels, and the scattering of the data points shown in Figure 9 further reveals three notable features. The first is that the grouping of the data points is mainly according to the variation of channel slope in spite of the changes in the other three variables. The second is that in considering the influences of the other three variables, the scatter range of the peak discharge deviation for a steep channel is smaller compared with that for a mild channel. Moreover, a value of DQ p larger than 0.07 can only result from a channel slope smaller than 0.0005, and a deviation smaller than 0.025 can only occur in the case of a channel slope larger than 0.001.
An evaluation of the influences of the independent variables on the time to peak discharge deviation (DT p ) was conducted, and the results are shown in Figure 10 .
Basically, the same tendency for the scattering of data points can be observed in both Figures 9 and 10 .
Therefore, the first two notable features of Figure 9 described above are also applicable to the data points shown in Figure 10 . In performing the regression analysis, a significant level is usually used to evaluate the degree of influence of the independent variables on the dependent variables.
An independent variable can be recognized as a dominant term to the dependent variable if the value of the significant level is less than 0.1. Based on the Tobit regression analysis, the values of the significant level for the last two independent variables shown in Equations (16) and (17) are larger than 0.1; they are less than 0.1 for channel roughness n and less than 0.01 for the channel slope S. It can therefore be concluded that channel slope has the most significant influence on the hydrograph deviations, while channel roughness also plays an important role in affecting the deviation of the outflow hydrographs, which has been shown explicitly in Figures 9 and 10.
Although the Tobit regression analysis has revealed the dominance of channel slope on the hydrograph deviations compared to the other three independent variables, the amount of hydrograph deviation should increase as the channel length increases. Consequently, as shown in the dynamic-and kinematic-wave methods is 0.074 for a channel slope of 0.0001 (Figure 3(a) ), and is 0.0057 for a channel slope of 0.001 (Figure 3(d) ). When routing the inflow hydrograph in a channel of 50 km, although the peak discharge deviation reaches 0.0162 for a channel slope of 0.0001 (Figure 11(a) ), it is only 0.0098 for a channel slope of 0.001 (Figure 11(b) ), which is almost imperceptible.
The results demonstrate that the hydrograph deviation between these two flood-routing methods is negligible for a channel slope larger than 0.001, even if the flood-wave routing is performed in a channel 50 km long.
CONCLUSIONS
The deviation of hydrographs between the kinematic-and dynamic-wave methods arises from the omission of inertial forces and the component of the pressure force in the kinematic-wave approximation. The omission of these two terms decreases the propagation speed of the flood wave and also reduces flood peak attenuation. In this study, hydrograph deviations between these two routing methods were evaluated quantitatively on the basis of peak discharge and time to peak discharge using two dimensionless parameters. The numerical tests were performed in a rectangular channel using triangular hydrograph as the upstream inflow boundary conditions. The results of the numerical simulation reveal that channel slope dominates the deviation of the hydrographs. Nevertheless, the peak discharge deviation DQ p is within 0.025 and the time to peak discharge deviation DT p is within 0.007 for a channel slope larger than 0.001 in a channel length of 50 km.
Since the slopes of the channel reaches in Taiwan to which the kinematic-wave approximation applies are usually larger than 0.001 and the channel lengths are shorter than 50 km, it is considered acceptable to employ the 
